Report  Documentation  Page 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 
VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 


1.  REPORT  DATE 

APR  2008 


2.  REPORT  TYPE 


3.  DATES  COVERED 

00-00-2008  to  00-00-2008 


4.  TITLE  AND  SUBTITLE 

Numerical  Models  of  Mode  Interaction  in  Gyrotrons:  Capabilities  and 
Limitations 

6.  AUTHOR(S) 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Science  Applications  International  Corporation, 1710  SAIC 
Drive, McLean, VA, 22102 


5a.  CONTRACT  NUMBER 


5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

5d.  PROIECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 

8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 


10.  SPONSOR/MONITOR'S  ACRONYM(S) 


11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

See  also  ADM002087.  Proceedings  of  the  2008  IEEE  International  Vacuum 
(IVEC  2008)  Held  in  Monterey,  CA  on  April  22-24,  2008.  U.S.  Government 


Electronic  Conference  (9th) 
or  Federal  Rights  License 


14.  ABSTRACT 

see  report 


15.  SUBIECT  TERMS 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 
ABSTRACT 

18.  NUMBER 

OF  PAGES 

19a.  NAME  OF 

RESPONSIBLE  PERSON 

a.  REPORT 

unclassified 

b.  ABSTRACT 

unclassified 

c.  THIS  PAGE 

unclassified 

Same  as 
Report  (SAR) 

2 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


5.1:  Numerical  Models  of  Mode  Interaction  in  Gyrotrons: 
Capabilities  and  Limitations  * 

Alexander  N.  Vlasov  and  Igor  A.  Chernyavskiy, 

Science  Applications  International  Corporation,  1710  SAIC  Drive,  McLean,  VA  22102  USA 

Alexander.N.Vlasov@saic.com 
Telephone:  301-405-1627,  Fax:  301-405-1678 

Thomas  M.  Antonsen  Jr.,  and  Gregory  S.  Nusinovich 

University  of  Maryland,  IREAP,  College  Park,  MD  24702  USA 

James  A.  McDonald,  and  Baruch  Levush 

Naval  Research  Laboratory,  4555  Overlook  Avenue,  Washington  DC,  20375  USA 


Abstract:  Mode  interaction  in  cylindrical  and  coaxial 
gyrotrons  are  simulated  by  gyrotron  design  code  MAGY. 
Effectiveness  and  limitations  of  MAGY  models  for  mode 
interaction  in  gyrotrons  operating  at  higher  order  modes 
are  discussed.  Similarities  and  differences  in  mode 
competition  process  in  cylindrical  and  coaxial  gyrotrons 
are  studied  and  discussed. 

Keywords:  high  power  gyrotrons;  coaxial  gyrotrons; 
mode  competition;  numerical  modeling 

Introduction 

High  power  gyrotrons  operating  in  long  pulse  or 
continuous-wave  (CW)  regimes  are  based  on  interaction 
between  an  electron  beam  and  at  a  RF  field  of  high  order 
mode.  For  example,  the  170  GHz  gyrotron  developed  at 
FZK  Center,  Germany  operates  at  TE3419  mode  [1], 
Operation  at  high  order  modes  increases  possibility  of 
excitation  of  several  modes  capable  of  efficient  interaction 
with  an  electron  beam  during  start  up  process.  Starting 
current  of  several  modes  is  below  the  operating  current  for 
all  operating  values  of  beam  energy,  see  Fig.l.  Presence  of 
several  modes  leads  to  complicated  processes  of  mode 
competition  during  start-up.  Gyrotron  design  requires 
accurate  simulations  of  start-up  scenario  to  be  able  to 
control  gyrotron  operation  at  optimal  efficiency  at  desired 
mode.  Computationally  efficient  code,  such  as  MAGY 
[2,3],  is  suitable  for  mode  competition  modeling  during  the 
long  voltage  rise  time  with  respect  to  period  of  operating 
frequency. 

This  presentation  devoted  to  recent  development  of  MAGY 
model  that  allows  effective  simulations  of  start-up  scenario 
in  gyrotrons  with  dense  mode  spectrum,  such  as  the  FZK 
170  GHz  gyrotron.  The  development  of  new  models  is 
motivated  by  the  needs  of  accurate  modeling  of  mode 
competition  involves  six  or  eight  modes.  This  includes 
modes  both  at  fundamental  and  cyclotron  harmonics. 


Electron  Energy  [keV] 


Fig.  1:  Starting  current  of  fundamental  harmonic  modes 
of  the  FZK  170  GHz  gyrotron. 


MAGY  Models  for  Mode  Interaction  in  Gyrotrons 

Accurate  simulations  of  mode  competition  process  in 
gyrotrons  with  dense  spectrum  is  challenging  task  even  for 
the  efficient  code  MAGY.  Up  to  now  there  is  no  general 
computationally  efficient  solution  for  arbitrary  number  of 
modes  with  arbitrary  indices  and  arbitrary  frequencies.  The 
recent  development  of  the  models  is  based  on  the  most 
common  patterns  of  mode  competition  in  gyrotrons  [4,5], 
namely  triplet  (or  multiplet)  of  modes  capable  of  parametric 
cross-excitation  and  doublet  of  modes  with  different 
azimuthal  indices.  The  developed  models  allow  for 
combination  of  triplets  and  doublets  of  modes  to  resolve 
main  sequence  of  modes  among  large  number  of  modes 
capable  of  self-excitation  and  competition. 

Simulations  of  mode  interaction  processes  involving  large 
number  of  modes  require  models  with  large  number  of 
particles  included  in  simulations.  If  number  of  particles  is  N 
for  the  single  mode  model,  then  it  should  be  N~  for  the  two 
of  three  modes  and  N3  for  six  or  eight  modes  to  provide  the 
same  level  of  accuracy  of  simulations.  A  typical  run  time 


978-1-4244-171 5-5/08/$25.00  ©  2008  IEEE 


58 


for  MAGY  simulation  at  PC  type  computers  (Pentium  4, 
3.4  GHz)  of  start-up  scenario  (2.8  microseconds,  2800  time 
steps  in  simulations)  is  about  4  minutes  for  single  mode, 
about  1  hour  for  three  modes  and  about  18  hours  for  six 
modes  for  a  moderate  number  of  injected  particles  ( N=ll ). 


MAGY  Simulations  of  Mode  Competition  in  High 
Power  Gyrotrons  during  Start-Up 

MAGY  is  capable  of  simulations  of  mode  interaction 
processes  during  long  start-up  process  (from  units  to  several 
hundred  microseconds)  in  gyrotrons  with  dense  spectrum, 
both  with  cylindrical  and  coaxial  structures.  MAGY  can 
resolve  excitation  and  competition  of  modes  with  a 
complex  longitudinal  profde.  The  example  of  longitudinal 
mode  profde  evolution  during  start-up  is  presented  in  Fig. 

2.  Different  beam  voltages  correspond  to  a  particular  time 
during  start-up. 


z  [cm] 


Fig.  2:  Normalized  longitudinal  profde  of  operating 
mode  for  different  voltages. 


This  presentation  discusses  the  limitations  of  developed 
models  for  simulations  of  mode  competition  processes  in 
gyrotrons  with  dense  spectrum.  Possible  extensions  of  the 
developed  models  allowing  for  larger  number  of  modes 
included  in  simulations  are  also  presented. 
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